Abstract. Many mutualistic microbial relationships are based on nutrient cross-feeding. Traditionally, 12 cross-feeding is viewed as being unidirectional from the producer to the recipient. This is likely true when 13 a producer's metabolic waste, such as fermentation products, provides carbon for a recipient. However, in 14 some cases the cross-fed nutrient holds value for both the producer and the recipient. 
Introduction all domains of life (23)
.
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coli ΔAmtB grew slower than cocultures with WT E. coli (Fig. 4A,B 
164
We therefore tested whether coculture conditions stimulated higher nitrogenase activity using an exhibits constitutive nitrogenase activity, showed similar levels in both conditions (SI Appendix Fig. S4 ). 
178
underestimates the time required to achieve these densities, if they would be achieved at all, as SyFFoN
179
does not take into account cell death, which is known to occur when E. coli growth is prevented (31).
180
Consistent with the hypothesis that poor coculture growth was due to a competitive disadvantage of E.
181
coli ΔAmtB for NH 4 + , SyFFoN simulations indicated that starting with a larger E. coli ΔAmtB population
182
would increase the probability that any given E. coli cell would acquire NH 4 + versus R. palustris and 183 thereby overcome the competitive disadvantage of E. coli ΔAmtB for NH 4 + (SI Appendix Fig. S5 ).
184
Indeed, we observed greater growth of both species when cocultures were inoculated with equal or higher 185 relative densities of E. coli ΔAmtB versus R. palustris ΔAmtB (SI Appendix Fig. S5 ).
186
The explanation that mutualism collapse was due to a competitive advantage of R. 
188
palustris Nx or R. palustris NxΔAmtB did not collapse as well (Fig. 4) , given that in all of these pairings
189
E. coli ΔAmtB is at competitive disadvantage (Fig. 3) . We hypothesized that a relatively high NH 4 + 190 excretion level by these latter R. palustris strains (SI Appendix Fig. S1D 
228
Conversely, recipient-biased competition for a cross-fed nutrient drives cooperative directionality in 229 nutrient exchange and thereby promotes mutualism stability. One implication of these results is that inter- 
242
between grouper fish and moray eels (41)). In such cases, increased privatization of a cross-fed or shared
In our system, AmtB transporters were crucial determinants of inter-partner competition for NH 4 + .
We were intrigued to find that when both species lacked AmtB, R. palustris out-competed E. coli for
247
NH 4 + ( Fig. 5) , enough so to collapse the mutualism within a single culturing (Fig. 3 
268
Strains and growth conditions. Strains, plasmids, and primers are listed in SI Appendix 
280
Test cocultures were inoculated using a 1% inoculum from starter cocultures. Serial transfers were also 281 inoculated with a 1% inoculum. Kanamycin and gentamycin were added to a final concentration of 100 282 µg/ml for R. palustris and 15 µg/ml for E. coli where appropriate.
283
Generation of R. palustris mutants. R. palustris mutants were derived from wild-type CGA009 (49).
284
Generation of strains CGA4004, CGA4005, and CGA4021 was described previously (26 
302
Nitrogenase activity. Nitrogenase activity was measured using an acetylene reduction assay (43). Cells 303 from 10-mL cultures were harvested and resuspended in 10-mL fresh MDC medium in 27-mL sealed 304 tubes pre-flushed with argon gas. Suspensions were incubated in light for 1 h at 30°C to recover. Then,
305
250 µl of 100% acetylene gas was injected into the headspace to initiate the assay, and ethylene 306 production was measured over time by gas chromatography as described (43) 
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We also thank Jay Lennon (Indiana University) for helpful discussions on the manuscript. densities and fermentation product yields were taken after one week, within 24 h into stationary phase. 
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Where,
53
µ is the specific growth rate of the indicated species (h -1 ).
55
µ MAX is the maximum specific growth rate of the indicated species (h -1 ).
56 57 
64
K is the half saturation constant for the indicated substrate (mM).
66
Ec and Rp are the cell densities (cells/ml) of E. coli and R. palustris, respectively.
68
b is the ability of a species to resist the inhibiting effects of acid (mM 
79
r is the growth-independent rate of glucose converted into the indicated compound (µmol / cell / h).
80
Default values are based on those which accurately simulated empirical trends in coculture.
82
r _mono is the growth-independent rate of glucose converted into the indicated compound by E. coli when 83 consumable organic acids accumulate. Default values are based on linear regression of products 
127
which was experimentally measured from the starting inoculum for both species before diluting to achieve 
